American countries located on the slopes of the Andes has been recognized as an important public health problem. However, the importance of this zoonotic hepatic parasite was neglected until the last decade. Countries such as Peru and Bolivia are considered to be hyperendemic areas for human and animal fasciolosis, and other countries such as Chile, Ecuador, Colombia and Venezuela are also affected. At the beginning of the 1990s a multidisciplinary project was launched with the aim to shed light on the problems related to this parasitic disease in the Northern Bolivian Altiplano. A few years later, a geographic information system (GIS) was incorporated into this multidisciplinary project analysing the epidemiology of human and animal fasciolosis in this South American Andean region. Various GIS projects were developed in some Andean regions using climatic data, climatic forecast indices and remote sensing data.
Introduction
Fasciola hepatica and F. gigantica are the two trematodes which cause human and animal fascioliosis. These hepatic helminth parasites are present around the world infecting a great variety of mammals as definitive hosts, but using only some species of snails (belonging to the Lymnaeidae family) which act as their sole intermediate host. The presence of this particular species of snail is the most important factor which determines the possibility to complete the life cycle of this zoonotic disease. In both Fasciola species the cycle includes various free environmental stages, such as embryonation of eggs, taking between 10 to 15 days to reach the miracidium stage; the free single-tailed cercaria which encysts on aquatic plants, grass or develops as a free water circulating metacercaria -the infestant form for the definitive host. F. hepatica is found in the five continents, however, F. gigantica is primarily distributed in tropical regions excluding America.
These liver fluke species are well known owing to their worldwide veterinary importance. Nevertheless, the review by Chen and Mott (1990) was the first global study considering fasciolosis as a human disease which has to be considered a serious public health problem in some endemic areas, including Andean countries, Iran, northern Africa, and western Europe.
Until the last decade, the importance of this zoonotic parasite had been neglected in South American countries, and human infection by F. hepatica was not regarded as an important health problem. However, the countries located on the slopes of the Andes, i.e. Peru, Bolivia and Chile are the most severely affected by this trematode (Alcaino, 1990) , though areas of Ecuador, Colombia and Venezuela are also affected. The Northern Altiplano, between Bolivia and Peru, is considered to be a hyperendemic zone for both humans and animals, while the central regions of Chile are hyperendemic in terms of domestic cattle (Knoblock et al., 1985; Alcaino et al., 1993; Apt et al., 1993) .
At the beginning of the 1990s the multidisciplinary fasciolosis research team of Universitat de València, Spain, headed by Prof. Mas-Coma and composed of nine full professors and more than ten young but experienced researchers, launched a project with the aim to shed light on the problems related to human and animal fasciolosis in the Northern Bolivian Altiplano. For the last fifteen years this team has been investigating fascioliosis transmission in this hyperendemic area situated at very high altitude (3800 -4100 m a.s.l), and has, step by step, been scrutinizing every single factor which might take part in the completion of the life cycle of F. hepatica. This successful multidisciplinary project has focused on biotic and abiotic factors (geographical, climatic, anthropological, etc.) which might play a role in the transmission of human and animal fasciolosis in the Altiplano endemic area. The complete life cycle has been developed at laboratory level, and the transmission suitability and capacity of both the intermediate and the definitive hosts have been determined (MasComa et al., 1999a , 2003 , 2005 .
The endemic areas of human and animal fasciolosis in the Andean region present a very wide spectrum of epidemiological characteristics related to the diversity of environments, with a great variety of climatic and altitudinal conditions. Their different abiotic (i.e. climate, hydrology, geomorphology, landscape, etc.) and biotic factors (i.e. vegetation, fauna, etc.) emphasize the need for individualised studies. In this context, and with the aim to modelize fasciolosis transmission, a geographic information system (GIS) was incorporated into the multidisciplinary project at the end of the 1990s analysing the epidemiology of human and animal fasciolosis in this South American Andean region.
Climatic forecast indices
Climatic factors such as air temperature, rainfall and potential evapotranspiration affect the incidence of mammals (definitive hosts) as well as the population dynamics of the snails (intermediate hosts), and the free-living stages of F. hepatica, mainly eggs, and metacercariae. In this context, some climatic studies were carried out mainly in Europe (Ollerenshaw, 1959 (Ollerenshaw, , 1971a (Ollerenshaw, ,b, 1973 (Ollerenshaw, , 1974 Ollerenshaw and Rowlands, 1959; Ollerenshaw and Smith, 1969; Ross, 1970 Ross, , 1978 Gettinby et al., 1974; Leimbacher, 1978) , in the southern states of the USA (Malone et al., 1987; Malone and Zukowski, 1992) and in the east of Africa Yilma and Malone, 1998) . Various climatic forecast indices were developed with the aim to predict the animal fasciolosis transmission risk: the Stormont 'wet day' index (Ross, 1970 ) and the temperature model (Gettinby et al., 1974) , both being rather limited as they are based on one climatic factor only; and the more complete and more frequently used, Mt index (Ollerenshaw and Rowlands, 1959) and the Water-budget-based system (Wb-bs) index (Malone et al., 1987) .
Taking into account the positive results obtained by the aforementioned climatic forecast indices, applied, for the first time, the Mt and the Wb-bs indices to forecast the fasciolosis transmission risk in humans and at very high altitude in the Northern Bolivian Altiplano. This study was based on the use of a 38-year period climate database, with daily data collected at five observing stations from the endemic area and correlated with the existing human prevalence database . However, neither of the two indices explained the differences between the human prevalence found around each climatic station analysed, when the same formulas and climatic variables that were proposed or modified by the authors, were used (see Ollerenshaw, 1971a Ollerenshaw, , 1973 for the Mt index and Malone et al., 1998 for the Wb-bs index):
where Mt is expressed in mm, n is the number of rainy days, R expresses the rainfall in inches, P reflects the potential transpiration (after Penman, 1948) in inches, and for the calculation only the months with a mean temperature higher than 10ºC are considered.
Wb-bs = (GDD x days in month), IF [R-(PET x 0.8)] >0 + (GDD x 6)[(R-PET)/25], IF (R-PET) >0
where R expresses rainfall, PET is the potential evapotranspiration (calculated by the modified Penman, 1948 method) and GDD is the average annual mean temperature minus the base development temperature for the liver fluke.
Consequently, the authors analysed the complete climatic dataset and created a climadiagram (Walter et al., 1975) for each station, in which the dry and the wet period are delimited. Nevertheless, the most important success of concerning the climadiagram was the introduction of the Aridity index (r) originally proposed by Schreiber (1981) to adjust both the high altitude and the low latitude. In these new climadiagrams the Aridity index, instead of temperature, and the rainfall curves delimit the real dry and wet periods, showing a new conception of climatic dynamics (Fig. 1) . The authors extended this correction to the calculation of the climatic forecast indices and introduced some changes: the replacement of PET by r and the use of a corrected mean monthly temperature which changes according to altitude. Consequently, the modified Wb-bs index ( Fig. 2 ) is able to explain 93% of human and more than 99% of cattle fasciolosis prevalence and allows the authors to categorize the studied zones as low risk, moderate risk or high risk areas for the fasciolosis transmission to humans and other mammals. These authors recommend the Mt index not to be used for the Andean region. However, the aforementioned results were obtained by taking into account only four of the five initial climatic stations analysed. The authors omitted the station of Huarina since there are no Lymnaeids present in this zone, but they were not able to explain neither the snail and nor transmission absence using only fasciolosis climatic forecast indices.
A similar study was developed by Fuentes and Malone (1999) using a total of 15 observing stations and the calculation of the Wb-bs index to forecast animal fasciolosis transmission in the seven regions located in central Chile. The introduction of a new modification of the original index became necessary. In this case, after the adjustment of the temperatures required for life cycle progression, the index explained 79% of animal fasciolosis transmission in the seven regions studied, but, once again, one of the extreme prevalence (Schenome and Rojas, 1988) , i.e. the very high prevalence in the VIIth Region (90%), could not be completely explained using only climatic data.
Remote sensing data
Remote sensing data was used for the first time by Malone and collaborators as a new tool to control and understand the transmission of human snailborne infections. Malone et al. (1997) for Schistosoma mansoni and S. haematobium in the Nile Delta in Egypt and Bavia et al. (1999) for S. mansoni in the state of Bahia in Brazil, developed a GIS model using various satellite sources to obtain normalized difference vegetation index (NDVI) and Tmax data which -together with other factors -were correlated to schistosomiasis transmission in the aforementioned human schistosomiasis endemic areas. Malone et al. (1998) and Yilma and Malone (1998) developed a GIS model to forecast transmission and control animal fasciolosis in the east of Africa using climate as well as remote sensing data.
Following the good results obtained using remote sensing data as a complementary tool of the climatic indices, Fuentes et al. (2001) used NDVI data to study human fasciolosis in the Andean region for the first time. However, NDVI values, ranging from -1 to +1 and showing the response of vegetation to rainfall, had previously been applied by Fuentes and Malone (1999) to forecast fasciolosis transmission in South America. These authors had developed a forecast system for animal fasciolosis transmission in central Chile as a complement of the above-mentioned climatic indices.
In both projects the images used to provide remote sensing data were downloaded from the EROS data center (Sioux Falls, SD) Global land 1 km (http:// edcdaac.usgs.gov/1KM/1kmhomepage.html) which provides free access to image archives for scientific purposes. The dataset was composed of a total of 36 10-day (dekade) composite images covering the endemic areas analysed and corresponding to a complete year period between 1992 and 1993. The dataset archives are designed to provide cloud-free quality images on a global scale derived from the Advanced Very High Resolution Radiometer (AVHRR) sensor on board the National Oceanic and Atmospheric Administration (NOAA) environmental satellite series. Monthly NDVI data was obtained at a resolution of 1 km using Erdas Imagine software. The same software was used to create annual mean NDVI images and to obtain NDVI values at a regional level in Central Chile (Fuentes and Malone, 1999) or for circular 10-km diameter areas in the Northern Bolivian Altiplano . ArcView GIS and the Spatial Analyst extension were the software chosen to display the various layers analysed and to create the fasciolosis transmission risk map for both areas.
The project developed at regional level in Central Chile by Fuentes and Malone (1999) made it possible to improve the aforementioned climatic model. The mean NDVI values as well as the majority NDVI classes present in each region showed a strong positive correlation with the fasciolosis prevalence and a negative correlation between the minority NDVI classes and the prevalence of the disease. These results allowed the authors to establish a multiple correlation between the high NDVI values and the prevalence (Fig. 3) , and to create a fasciolosis risk map at regional level. However, and in spite of the good results, the model could not completely explain animal fasciolosis transmission in each region. The authors proposed the validation of the methodology used providing fasciolosis prevalence data at local level.
Human fasciolosis prevalence data at local level was reported by Esteban et al. (1999) and MasComa et al. (1999b) for the Northern Bolivian Altiplano. These data allowed Fuentes et al. (2001) to validate the central Chilean model in the Northern Bolivian Altiplano. A mapping and a prediction model for human fasciolosis transmission was created at a local scale for this Andean endemic region located at very high altitude. The model resulted in the creation of a fasciolosis transmission risk map derived from NDVI values showing no risk, low or moderate risk, and high risk areas (Fig. 4) . The high level of correspondence obtained between human fasciolosis prevalence and NDVI predicted ranges were contrasted with results from climatic forecast indices. As an example, the locality of Huatajata was included in the no risk area, while sonal communication). Consequently, NDVI data maps have become a useful data component in longterm efforts to develop a comprehensive GIS control programme model that accurately fits real epidemiological and transmission situations of human fasciolosis in high altitude endemic areas in Andean countries ).
The Minimum Medical GIS Database (MMDb)
The first meeting of the GNOSIS (GIS Network On Snail-borne Infections with special reference to Schistosomiasis) research group (sponsored by the Rockefeller Foundation) took place in Bellagio, Italy, in April 2000. As one of the most important goals of this team residency, and with the aim to use compatible GIS formats, software, methods and data resources, a minimum medical GIS database (MMDb) was established ). For each region studied a particular MMDb was to be prepared, including georeferenced datalayers, relevant medical data concerning epidemiology of the disease, complete public access environmental data, climate, remote sensing sensor, soil types, land use data, etc. At present, MMDb for the IGAD-Nile Basin Africa, West Africa, Asia and South America are available at the GNOSIS group website (http://www.gnosisgis.org/).
However, while the South America MMDb is being prepared, and taking into account the particularities of human and animal fasciolosis, based on the aforementioned results concerning this disease in the Andes, Fuentes (2004) proposed the basis for the development of a GIS for conducting an epidemiological control programme for zoonotic fasciolosis in the Andes (Fig. 5) . The GIS project is to be based on parasitological data concerning parasite forms as well as intermediate and definitive hosts, the most important environmental factors which directly influence the prevalence and transmission of fasciolosis, including climatic and remote sensing parameters obtained from terrestrial stations and satellite images, respectively.
The Andean fasciolosis GIS model
Based on the recommendations of Malone et al. (2001) and following the proposal of Fuentes (2004), Fuentes et al. (2004 Fuentes et al. ( , 2005 ) developed a GIS model for zoonotic fasciolosis risk assessment in the South American Andean region which allows the identification of areas requiring the implementation of control activities through the classification of the degree of transmission risk for this hepatic disease. This model, based on the results obtained by Fuentes et al. ( , 2001 in the Northern Bolivian Altiplano, also includes the calculation of the Wb-bs index accumulated values (Fig. 6 ) and provides a more accurate delimitation of the fasciolosis transmission risk period. This previously validated and now reinforced model was extrapolated to other Andean endemic areas on a local scale. Thus, this GIS, mainly based on the calculation of fasciolosis forecast indices and monthly NDVI values, made it possible to develop a spatial and temporal epidemiological model to map the potential fasciolosis transmission risk for the Northern Bolivian and Peruvian Altiplanos, Cajamarca and Mantaro Peruvian valleys, and the Ecuadorian provinces of Azuay, Cotopaxi and Imbabura (Fig. 7) . Besides, as the fasciolosis transmission risk was classified into low, moderate and high risk for each studied region, the areas requiring the implementation of control activities were identified.
The Andean Altiplano model: climatic forecast indices predict a high transmission risk period from October until May (Fig. 6A) , and the transmission risk map (Fig. 7A) shows the previously known endemic areas in the Northern Bolivian Altiplano 47, 151-156, 2005. and in the Asillo irrigation area, but also includes the zone located around the Titicaca Lake as a potential endemic area which has to be taken into account epidemiologically.
The Andean Valley model: this second model predicts the same high transmission risk period as in the Altiplano area, from October to May (Fig. 6B,   C ) and the transmission risk map (Fig. 7B, C) shows the high risk zones which overlap with the known endemic areas of two valleys.
The Ecuadorian Andean Regions model: the third model delimits the high transmission risk period from October to June in various Ecuadorian Andean valleys (Fig. 6D, E, F) , and the risk map Blue, water; yellow, no risk; light green, low or moderate risk; dark green, high risk. Fasciolosis prevalence values from epidemiological surveys: 0, no fasciolosis; 0 low prevalence (<10%); 0 moderate prevalence (10-20%), 0, high prevalence (>20%). Values of climatic indices: 6, no fasciolosis risk; 6, low fasciolosis risk; 6, moderate fasciolosis risk; 6, high fasciolosis risk. Scale bar = 25 km. Reproduced with kind permission from Parassitologia 47, 151-156, 2005. depicts the irregularity of the potential transmission in the three provinces (Fig. 7D, E, F ).
This mixed model forecasts both the temporal and the spatial fasciolosis transmission risk in the endemic areas located in the Andean chain using climatic forecast indices and NDVI values, respectively. However, only the Northern Bolivian Altiplano model has been completely validated with human and animal fasciolosis prevalences, which correlate, at the same time, with the presence of appropriate snail intermediate hosts. Moreover, the model corresponding to the Peruvian Altiplano, specifically the Asillo irrigation area, and the model for some parts of the Cajamarca and Mantaro valleys, have been partially validated. Nevertheless, none of the three Ecuadorian provinces analysed has been validated, except the locality of Cuturiví Grande, Cotopaxi province, because reports of human and animal prevalences as well as the presence of suitable Lymaneids do not exist so far. In the case of Cuturiví Grande, Trueba et al. (2000) , by means of immunological surveys, found a human fasciolosis prevalence of 6% in 1999 for this locality, where the mixed model had predicted a medium, respectively, a high transmission risk of F. hepatica.
Future fasciolosis GIS projects
The GIS models reviewed here make it possible to precisely delimit the spatio-temporal risk of fasciolosis in the endemic areas of the Andean mountain range. Nevertheless, existing and new epidemiological data as well as additional environmental factors will have to be taken into account.
Each of the environmental factors involved in transmission of fasciolosis will be included in the GIS project as new and compatible layers. In this sense, new remote sensing serial data has to be incorporated: Tmax, temperature difference and new NDVI data from low resolution satellite imagery, such as AVHRR sensor of the NOAA satellite and Modis sensor of the Terra satellite, and from medium and high resolution satellite imagery, such as Landsat and Spot satellites. Moreover, other low resolution non-serial data such as the digital elevation model, land cover and land use from the US Geological Survey (USGS) website will be added. Concerning climate data, a new tool will also be used, namely LocClim software from FAO, which has been developed to provide and estimate climate conditions for any location on Earth, including those for which no observations are available. The incorporation of these new layers will make it possible to characterize the endemic areas more accurately as well as to delimit the importance of those factors involved in the human and animal fasciolosis transmission risk.
In addition, epidemiological studies will have to reinforce some aspects concerning data collection providing accurate data on snail intermediate hosts, mainly temporal and spatial distribution of Lymnaeid species, resistance and survival of free environmental stages of F. hepatica, human and animal infections, including dynamics of prevalences. These three epidemiological aspects will be incorporated as new layers into the GIS project, which allows us to understand fasciolosis transmission along the year and to revalidate existing and/or validate new proposals for GIS forecast models.
All in all, it can be affirmed that GIS is the key in understanding fasciolosis transmission in the Andes. a grant from University of Valencia (Spain) awarded to the author for a sabbatical study at Louisiana State University.
